Confining light in extreme subwavelength scales is a tantalizing task. In this work, we report a study of individual plasmonic film-coupled nanostar resonators where plasmonic optical modes are trapped in ultrasmall volumes. Individual gold nanostars, separated from a flat gold film by a thin dielectric spacer layer, exhibit a strong light confinement within the sub-10 nm volume of the nanostar's tips and the film. Through dark field scattering measurements of many individual nanostars, a statistical observation of the scattered spectra is obtained and compared with extensive simulation data to reveal the origins of the resonant peaks. We observe that an individual nanostar on a flat gold film can result in a resonant spectrum with single, double or multiple peaks. Further, these resonant peaks are strongly polarized under white light illumination. Our simulation data revealed that the resonant spectrum of an individual film-coupled nanostar resonator is related to the symmetry of the nanostar, as well as the orientation of the nanostar relative to its placement on the gold substrate. Our results demonstrate a simple method to create an ultrasmall mode volume plasmonic platform which could be useful for applications in sensing or enhanced light-matter interactions.
Attempts to create ultrasmall hot spots to confine light at the nanoscale have led to various nanophotonic system designs realized via both lithographic and colloidal approaches. [1] [2] [3] [4] [5] [6] [7] [8] [9] Among these, plasmonic nanoparticles have proven to be an excellent platform to strongly confine light at length scales much smaller than the diffraction limit. 4, [10] [11] [12] [13] As a general rule of thumb, the mode volume (or the hot spot) of a plasmonic nanoparticle is scaled with the size of the particle. Further, the resonant wavelength is also proportional to the size of the particle itself. 4, 10, 11, 14 For instance, the resonant wavelength of spherical gold (Au) occurs between 550 -800 nm for particle sizes ranging from 30-100 nm. Similarly, for silver nanocubes with sizes varying from 50-150 nm, their gap mode resonant wavelengths change from ~ 600 -1200 nm. 4, 10, 14 However, smaller particle sizes (< 30 nm) will limit the capability of single particle measurements due to the limited possibility of single particle identification, for example, under a dark field illumination. Therefore, usually the plasmonic hot spot volumes are in the order of a few tens of nm due to the relative large particle sizes. Other lithographic techniques also attempted to create very small mode volume structures 2,7 but the results are still limited to around 30 nm due to several limitations of conventional electron beam lithography systems. Recently, many works have devoted considerable attention to the optical properties of plasmonic nanostars, [15] [16] [17] [18] [19] which have several advantageous characteristics. Unlike many other previously studied metallic nanoparticles with given symmetries, such as nanospheres 20, 21 or nanocubes, 10,14 nanopopcorns 22,23 and nanostars [16] [17] [18] exhibit to a certain degree non-uniform distribution of localized plasmonic fields along their spikes or tips. Nanostars have recently attracted intensive attention in nanophotonics, 18, 19 biology [24] [25] [26] [27] and materials science 5, 28, 29 thanks to their ability to localize electromagnetic fields in tiny hot spots at their highly engineered nanoscale tips. However, it is also noted that the majority of recent studies related to optical properties of Au nanostars have been on ensemble of particles, 5, 24, 30 which could not reveal the true origin of the mode resonances. Several works have also looked into the plasmon resonances of individual star-shaped nanoparticles in free space or in a solution. 9, 15, 31 Shao et. al. have also reported optical properties of single nanostars on an indium tin oxide substrate. 17 Here, we demonstrate an alternative approach to confine plasmonic optical modes in ultrasmall volumes by using film-coupled nanostar resonators. Specifically, a Au nanostar is placed on top of a Au film, separated by a thin (5 nm) dielectric polymer layer. We show that the plasmon resonances of the nanostar's tips are significantly enhanced due to the resulted extreme subwavelength mode volume. Our results clearly indicate that the highly intense electromagnetic field enhancement in the tiny gaps formed between the nanostar's tips and the Au film can strongly confine light at a sub-10 nm volume. Moreover, the nanostars are clearly visible under a typical dark field microscope, despite of the ultrasmall mode volume, allowing easy identification and measurement of single nanoparticles. Indeed, when illuminated by a white light source, the nanostars that coupled to a Au film appear to be much brighter than the same particles but deposited on a glass substrate. The strong light-matter interactions achieved by the proposed plasmonic film-coupled nanostar platform can be used for sensing 13 The sample structure of this present study consists of colloidal synthesized iron oxide-gold coreshell nanostars with an approximate size of ~ 75 nm placed over a Au film (50 nm thick, fabricated by electron beam evaporation method). The magnetic iron oxide core was about 35 nm and the Au shell layer was 40 nm. The iron oxide-gold core-shell nanostar's original purpose was to make use of its dual-functionality, namely magnetic and plasmonic properties, for biomedical applications. 30 However, for this particular work the iron core's role was to serve as a catalyst for the nanostar growth and its influence on the plasmon resonances of the Au nanostar is negligible. The coreshell Au nanostar and the Au film was separated by a 5 nm polymer spacer layer sandwiched in between (Figure 1(a) ). The polymer spacer layer was formed by alternative dip coating with polyelectrolytes (PE). 3 Specifically, five alternative positive PAH (poly(allylamine) hydrochloride) and negative PSS (polystyrenesulfonate) layers (1 nm each) were used. The thickness of the spacer layer does not modify the resonant wavelength of the coupled nanostar-film resonator, as it was predicted by simulations, 35 but it will only affect the amplitude of the scattered light intensity. The spikes (or tips) of the Au nanostars were estimated, via Transmission Electron Microscopy (TEM) image (Figure 1(b) ), to be less than 10 nm. Indeed, the small tips of the nanostar are permitting the formation of extremely tiny nanoscale hot spots. The deposition technique was described elsewhere 3 where only a single peak was observed. As we will be discussing below, the appearance of a single peak or double peaks in the resonant spectrum is closely related to the geometry of the nanostar's contacts with the substrate. The results presented in Figures 3(a) and (c) may indicate that the measured spectra were from nanostars with poorly formed tips. 31 However, in such a situation one would expect an unpolarized resonant spectrum for a given particle due to its less asymmetrical shape. This is not always the case in our observations. In Figure 4 we and are the scattering intensities for TE and TM signal, respectively. For the two-peak resonance case, the degrees of polarization were = 61% and = 86% for the 687 nm and 758 nm resonant peak, respectively. Previous studies by Hrelescu 9 , Hao, 15 and Nehl 31 have also observed similar polarization behavior in the individual nanostar's scattering spectrum, which was related to the different tip geometries in these nanoparticles. Thus, these measurements allow us to conclude that the collected signal was from star-shaped nanoparticles.
The deposited nanostars on a substrate can take a random position. In an ideal situation, one can label the position of the nanostar, measure its scattering spectrum, and then proceed with a scanning electron microscopy (SEM) measurement of the same particle. 36 Via this way, one can correlate the geometry of the film coupled nanostar resonator with the optical property of the same particle. However, our current measurement capability does not allow us to follow this approach.
To this end, we therefore turn our attention to computer simulations. We use the commercial finite- Figure 5 shows the simulated extinction spectra for nanostars at several different configurations and geometries placed on a Au film. To obtain the extinction cross section signature of the filmcoupled nanostars, we employ the scattered-field formulation that directly computes the scattered fields by subtracting the analytical solution of an incident plane wave in the absence of the nanostars which is considered to be the background field. The dimensions and geometries of the nanostar were predicted from the actual shapes of the particles taken from the TEM images, as shown in Figure 1(b) . Specifically, we first consider a nanostar that has a relatively short (10-15 nm) and equal-length set of tips branching out from a central spherical core. As observed from the experimental results of the TEM measurements, the nanostars' tips were not necessarily uniformly distributed around the bulk of the particle. In our first initial calculations, we assumed that the nanostar has only one tip touching the bottom surface, and was partially supported by the bulk of the particle. Figure 5 (a) shows the polarized (TE and TM) and unpolarized extinction spectra for this specific situation. The dielectric function of Au used in the simulations was taken from experimental data. 37 A thin 5 nm polymer layer was placed in the nanogap with refractive index n . The result of this particular simulation matches well with the measurement scattering spectra presented in Figures 3(a) and 4(a) . The TE and TM polarized waves in the simulation were perpendicular to each other. We also study the cases when the nanostar has one and two asymmetric tips touching the surface. Like before, it was assumed that the bulk of the particle partially supports its structure to achieve a stable resting on the surface. For these scenarios, we We also compute and present in Table 1 the estimated mode volume Veff of the plasmonic resonance modes in the three different geometries shown in Figures 5(a) -(c). The mode volume is
where ( ) is the material permittivity and the integration is performed over and around the mode's bright spot. 38 From the above equation, the mode volume is characterized as the ratio of total electric energy to the maximum value of the electric energy density, where the maximum electric energy densities in our system are located around the tiny gaps formed between the nanostar's tips and Au film. The results in Table 1 show that a sub-10 nm mode volume can be achieved for both TE and TM polarization illuminations, especially in the case of the nanostar geometry with two asymmetry tips touching the bottom substrate (Table 1(c) and Fig. 5(c) ). Compared to the one tip touching configurations, the maximum electric filed enhancement is increased in the two tips touching case.
In conclusion, we have investigated a film-coupled nanostar resonator system that offers extreme sub-wavelength mode volumes. It is demonstrated that by placing a Au nanostar on a flat Au film, ultrasmall mode volumes are formed and strong light confinement is achieved in between the nanostar's tip and the film region. We have performed simulations to correlate the plasmonic resonant features with the geometry of the resonators by considering the asymmetric shape of the nanostar and how it may orient with respect to the underneath film. The film-coupled nanostar resonators provide a new approach to achieve strong light confinement within sub-10 nm mode volumes which makes them an ideal platform for applications requiring enhanced light-matter interactions at low dimensions.
